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25 BACKGROUND OF THE INVENTION 

Chemical vapor deposition (CVD) methods are employed to form films of 
material on substrates such as wafers or other surfaces during the manufacture or 
processing of semiconductors. In CVD, a CVD precursor, also known as a CVD 
chemical compound, is decomposed thermally, chemically, photochemically or by 

30 plasma activation, to form a thin film having a desired composition. For instance, a 
vapor phase CVD precursor can be contacted with a substrate that is heated to a 
temperature higher than the decomposition temperature of the precursor, to form a 
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metal or metal oxide film on the substrate. 

Thin films that include ruthenium (Ru), ruthenium oxide (Ru0 2 ) or iron (Fe) 
have good electrical conductivity, high work function, are chemically and thermally 
stable, resistant to inter-layer chemical diffusion and are compatible with many 
5 dielectric substrate materials. Ru and Ru0 2 films, for instance, have been investigated 
as film electrode material for semiconductor devices such as DRAM (Dynamic Random 

Access Memory) devices. 

Examples of films produced from ruthenium-based precursors are described in: 
U.S. Patent No. 6,440,495 issued on August 27, 2002, to Wade, et al; U.S. Patent No. 

10 6,074,945 issued on June 13, 2000, to Vaartstra, et al.; U.S. Patent Application 
Publication 2002/0102826, published on August 1, 2002, with the title Fabricating 
Method of Semiconductor Integrated Circuits; J. Peck, et al.; Chemical Vapor 
Deposition of Novel Precursors for Advanced Capacitor Electrodes, Proceedings of the 
Symposium, Rapid Thermal and Other Short-Time Processing Technologies III, 

1 5 Electronics, Dielectric Science and Technology, and High Temperature Materials 
Divisions, Proceedings Volume 2002-1 1 pp.235-242, 201 st Electrochemical Society 
Meeting held in Philadelphia. The entire teachings of the above-referenced patents, 
published patent application and paper for meeting presentation are incorporated herein 
by reference. 

20 Bis(pento/ia^tocyclopentadienyl)rufhenium (ruthenocene) and the symmetrical, 

diethyl-substituted ruthenocene (l,l'-diethylruthenocene) have been investigated as 
possible precursors for forming ruthenium-based thin films by CVD techniques. 
These compounds have been prepared by several synthetic routes. 
One existing method for forming ruthenocene includes the reaction of 
25 RuCl 3 XH 2 0 with cyclopentadiene, in the presence of Zn, to produce ruthenocene, 
ZnCl 2 and HC1, as shown in Fig. 1 A. A similar approach, using ethyl-substituted 
cyclopentadiene, has been employed to produce 1,1 '-diethylruthenocene, as shown in 
Fig. IB. Generally, yields obtained by this method are about 70%. 

As shown in Fig. 1C, unsubstituted ruthenocene also has been prepared by the 
30 reaction of cyclopentadiene, 
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eUo^cyclopen.adienyObisCMphosphine^umm and sodtum hydnde 
QUO m benzene. CMoro(cyclopen.adienyl)bis^^^ 
precursor has been synthesized by reacting mtheninm trichlonde and 
triphenylphosphine in ethanol. 
5 Another method that has been investigated for the synthesis of ruthenocene 

iuciudes the transmetallation reactions of a D is(afcy.cyclopen,adreny.)iron compound 
with RuCb XHrO and results in me formation of .ow yie.d I.^dialkylrttthenocene, 
iron trichloride (FeCh) and difficult to separate iron species. 

Monosubstituted tuthenocenes, e.g., l-ethylruthenoce„e, are formed as an 
10 impurityduringthesyntheaisofl.r-diethylruthenocene. Tert- 

b u t yl(cyc,open,ad,cny.)(cyclopen.adieny.)ru,henium also has been prepared by reacting 
a heated mixture of bis (cyclopentirdienyl)ruthenium, aluminum chlonde and 
phosphoric acid, with tert-butyl alcohol, followed by distillation. 

Generally, synthetic methods described above often are associated wtth low 
,5 yields, competing dimension reactions, complex produc, separations, special handhng 
techniques of dangerous reagents, e.g., NaH. Furthermore, as seen in Figs. 1 A and .B, 
these synthetic approaches include a one step addition of both cyco.pentadtenyl nngs 
and thus are suitable for preparing unsubsututed ruthenocene or the symmetncally 
substituted nr-dtethylruthenocene. Both ruthenocene and ,,r-diemylm<henoce„e, 
20 have relatively low vapor pressure (less than 10 Torr a, 100°C). A, room temperature, 
ruthenocene is a solid and l.l'-diethyl-ruthenocene ts a hqutd. 

Generally, more volatile CVD precursors are preferred, as arc precursors that arc 
„ q „ia a, room lemperature, rather than soltd. m addition, desired CVD precursors^ 
are heat decomposable and capable of producing uniform films under suttable CVD 
25 conditions. 

Therefore, a need exists for the continued investigation of ruthemum-based 
CVD precursors and for new film deposition processes. A need also exists for methods 
for producing films that include ruthenium or other Group 8 (VIII) metals. 



30 
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SUMMARY OF THE INVENTION 

The invention generally is related to a deposition process to produce a material, 
such as, for example, a film, coating or powder, that includes a Group 8 (VIII) metal 
and/or Group 8 (VIII) metal oxide. The process includes decomposing at least one 

5 asymmetrically substituted metallocene precursor, thereby forming the material. The 
asymmetrically substituted metallocene precursor is represented by the general formula 
CpMCp', where M is a metal selected from the group consisting of ruthenium (Ru), 
osmium (Os) and iron (Fe); Cp is a first substituted cyclopentadienyl or 
cyclopentadienyl-like (e.g., indenyl) moiety that includes at least one substituent group 

10 Df and Cp' is a second substituted cyclopentadienyl or cyclopentadienyl-like moiety 
(e.g., indenyl) that includes at least one substituent group D,\ D, and D,' are different 
from each other and are independently selected from the group consisting of: 
X; 

CaiHbiXci; 

15 Ca2Hb2X c2 (C=0)CaiH b iX cl ; 

Ca2Hb2Xc20CalHblX c i; 

Ca2Hb2Xc2(C=0)OCa,H b ,X c ,; and 

Ca2Hb2Xc20(C=0)CalH bl X cl J 

where 

2 0 X is a halogen atom or nitro group (N0 2 ); 

al is an integer from 1 to 8; 
bl is an integer from 0 to 2(al)+l-cl; 
cl is an integer from 0 to 2(al)+l - bl ; 
bl +cl is at least 1; 
25 a2 is an integer from 0 to 8; 

b2 is an integer from 0 to 2(a2) + 1 - c2; 
c2 is an integer from 0 to 2(a2) + 1 - b2. 
In one embodiment, the invention is directed to a process for depositing a film 
The process includes the step of decomposing vapor of an asymmetric metallocene or 
30 metallocene-like compound, wherein decomposition is thermal, chemical, 
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photochemical or by plasma activation and the metallocene or metallocene-like 
compound has the general formula CpMCp', described above, thereby forming the Mm 

on a substrate. 

In preferred embodiments, Di is: 

5 X; 

CaiHbiXci; 

Ca2Hb 2 Xc2(C=0)CalH bl Xci; 
Ca2Hb2Xc20CalHblXci; 

Ca2H b2 X C 2(C=0)OCaiH b ,X cl ; or 

10 Ca2H b 2Xc20(C=0)CalH b ,X cl ; 



where 



15 



X is fluorine (F), chlorine (CI), bromine (Br), iodine (I) or (N0 2 ); 
al is an integer from 2 to 8; 
bl is an integer from 0 to 2(al)+l-cl; 
cl is an integer from 0 to 2(al)+l - bl ; 
bl +cl is at least 1; 
a2 is an integer from 0 to 8; 
b2 is an integer from 0 to 2(a2) + 1 - c2; 
c2 is an integer from 0 to 2(a2) + 1 - b2, and 

20 Di' is: 

X; 

C a iH b iXci; 

Ca2Hb2Xc2(C=0)C a iH b iX cl ; 

Ca 2 Hb2Xc20CalHblX c i; 

25 Ca 2 Hb2Xc2(C=0)OC al Hb,X cl ; or 

Ca2H b2 Xc20(C=0)CalHblXcl ; 

where 

XisF,Cl, Br,IorN0 2 ; 
al is an integer from 1 to 8; 
30 bl is an integer from 0 to 2(al)+l-cU 
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cl is an integer from 0 to 2(al)+l - bl; 
bl +cl is at least 1; 
a2 is an integer from 0 to 8; 
b2 is an integer from 0 to 2(a2) + 1 - c2; 
c2 is an integer from 0 to 2(a2) + 1 - b2. 
One specific example of a metallocene compound employed in the process of 
the invention is 1 -methyl, l'ethylruthenocene. 

At least one of Cp or Cp' can include one or more additional substituents, e.g., 

D 2 , D 3 , D 4 , D 5 , D 2 ', D 3 ', D 4 ', and D 5 '. 

The compounds described above provide additional options and flexibility to 
existing methods for producing Ru-, Os-, or Fe-based thin films by CVD. Some of 
these compounds, for example, are liquid at room temperature and have higher vapor 
pressure than conventional precursors. It has been found, for instance, that 1-methyU '- 
ethylruthenocene has a higher vapor pressure than IJ'-diethylruthenocene. Higher 
vapor pressure presents economic advantages such as increased productivity and lower 
film manufacturing costs. Functionalization of the cyclopentadienyl rings in the 
compounds of the invention is believed to modify properties such as solubility, vapor 
pressure, decomposition, combustion and other reaction pathways, reduction/oxidation 
potentials, geometry, preferred orientations and electron density distribution through 
modification of the cyclopentadienyl nngs. Thus a specific precursor can be selected 
for a desired application. Except for hydrogen and carbon, many of the precursors 
described herein, such as, for instance, alkyl-substituted metallocenes, do not include 
extraneous atoms and thus materials formed by their decomposition generally are free 
from impurities. In some other cases, the presence of oxygen atoms in the organic 
substituent groups may favor the formation of metal oxide films, coatings or powders. 



BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 A depicts a prior art synthetic route for forming unsubstituted ruthenocene. 
Fig. IB depicts a prior art synthetic route for forming 1,1 '-di ethylruthenocene. 
30 Fig. 1C depicts another prior art method that has been used to form 
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unsubstituted ruthenocene. 

Fig. 2 A shows the molecular formula of a metallocene in a staggered 

conformation. 

Fig. 2B shows the molecular formula of a metallocene in an eclipsed 
5 conformation. 

Fig. 3 shows the structural formula of a disubstituted metallocene compound. 
Fig. 4 shows a generalized structural formula of a metallocene that can be 
employed in the process of the invention. 

Fig. 5 shows illustrative asymmetric ruthenocene compounds. 
10 Fig. 6 depicts a synthetic method that can be employed to form a metallocene 

precursor that can be employed in the process of the invention. 

Fig 7. shows a synthetic method that can be employed to form l-methyl,l '- 
ethylruthenocene. 

Fig. 8 is a schematic diagram that depicts a thin film deposition system that can 
15 be employed to conduct one embodiment of the process of the invention. 

Fig. 9 is a schematic diagram of an apparatus that can be employed to vaporize 
liquid or solid precursors, in a gas blending manifold for the chemical vapor deposition 
of a film. 

Fig. 10 is a schematic diagram of a thin film deposition reactor that can be 
20 employed to conduct an embodiment of the invention. 

Figs. 1 1 and 12 are scanning electron micrographs showing cross-sectional 
images of a ruthenium film produced by the process of the invention. 

Fig. 13 is an energy dispersive spectrum of a ruthenium film produced on a 
Si0 2 /Si substrate employing the process of the invention. 
25 Fig. 14 is a plot of the measured sheet resistance as a function of vaporizer 

temperature for a film deposited using a 1-methyU '-ethylrutehnocene precursor and a 
film deposited using l,l'-diethylruthenocene. 

Fig. 15 is a plot of thickness of films deposited from 1 -methyl, 1'- 
ethylruthenocene precursor, in comparison with films deposited from 1,1'- 
30 diethylruthenocene, as a function of vaporizer temperature. 
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Fig. 16 is aplot of resistivity of films deposited using a 1-methyU'- 
ethylrutehnocene precursor and l.l'-diethylruthenocene as a function of vaporizer 
temperature. 

5 DETAILED DESCRIPTION OF THE INVENTION 

The foregoing and other objects, features and advantages of the invention will 
be apparent from the following more particular description of preferred embodiments of 
the invention, as illustrated in the accompanying drawings in which like reference 
characters refer to the same parts throughout the different views. The drawings are not 

10 necessarily to scale, emphasis instead being placed upon illustrating the principles of 
the invention. 

The invention generally is related to a process for producing a film, coating or 
powder. The process includes the step of decomposing at least one asymmetrically 
substituted Group 8 (VIII) metallocene compound, further described below. As used 
15 herein the term "metallocene" refers to an organometallic coordination compound 

having a sandwich-type structure similar to that of ferrocene, in which a transition metal 
is believe to be TT-bonded (electrons are moving in orbitals extending above and below 
the ring) to ^"-coordinated cyclic, generally aromatic moieties, Cp and Cp', where n 
indicates the number of carbon atoms in the cyclic moiety that are bonded to the 

20 transition metal. 

In preferred embodiments, both Cp and Cp' are independently selected to be 
cyclopentadienyl or indenyl (a fused phenyl and cyclopentadienyl ring). If all carbon 
atoms in the cyclopentadienyl ring participate in bonding to the transition metal, these 
moieties are described as ^-coordinated. Thus a complete description of ferrocene 

25 would be (r/ 5 -C 5 H 5 ) 2 Fe. 

Shown in Fig 2A is a staggered conformation of a metallocene, where M is a 
Group 8 (VIII) metal, e.g., ruthenium, osmium or iron. Metallocenes also can have an 
eclipsed conformation, as shown in Fig. 2B. As used herein, molecular formulae are 
not intended to depict a particular metallocene conformation. 

30 ^-coordinated moieties other than cyclopentadienyl are referred to herein as 
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"cyclopentadienyl-like". Additional counterion groups may be present in such 
compounds to balance electrical charges and form neutral molecules, as known in the 
art. 

The metallocene compounds employed in the process of the invention have the 
5 general formula CpMCp', where M is Ru, Os or Fe and where Cp and Cp' are 

cyclopentadienyl or cyclopentadienyl-like, e.g., indenyl, moieties. Each of Cp and Cp' 
is substituted and Cp is different from Cp'. 

More specifically, in each of the Cp and Cp' moiety, at least one hydrogen (H) 
atom is replaced by a substituent group, D, and Di', respectively. 
10 D, and Di' are different from each other and are independently selected from the 

group consisting of: 
X; 

CaiHbiXci; 

C a2 H b2 X C 2(C=0)CaiH b iX cl ; 

1 5 Ca2Hb2Xc20CalHblX c l 

Ca2H b 2Xc2(C=0)OCaiH b iXci; and 
Ca 2 Hb2Xc20(C=0)C a iHbiXci ; 

where 

X is a halogen atom or nitro group (N0 2 ); 
20 al is an integer from 1 to 8; 

bl is an integer from 0 to 2(al)+l-cl; 
cl is an integer from 0 to2(al)+l - bl; 
bl +cl is at least 1; 
a2 is an integer from 0 to 8; 
25 b2 is an integer from 0 to 2(a2) + 1 - c2; 

c2 is an integer from 0 to 2(a2) + 1 - b2. 
As used herein, integer ranges are inclusive. Straight as well as branched 
substituent groups Di and Di ' can be employed. For example, D, and/or D, ' can be a 
straight or branched C1-C8 alkyl group. 
30 In one embodiment of the invention, Di is: 
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X; 

CalHblXch 

Ca2Hb2Xc2(C=0)CalH bl X cl ; 
Ca2Hb2Xc20C a lHbl Xcl ; 

C a 2H b 2Xc2(C=0)OCaiH bl Xc; and 
^HwXczOCC^CaiHbiXd ; 

where 

X is a halogen atom e.g., fluorine (F), chlorine (CI), bromine (Br) 
iodine (I); 

al is an integer from 2 to 8; 

bl is an integer from 0 to 2(al)+l - cl 

cl is an integer from 0 to 2(al)+l - bl; 

bl +cl is at least 1; 

a2 is an integer from 0 to 8; 

b2 is an integer from 0 to 2(a2) + 1 - c2; 

c2 is an integer from 0 to 2(a2) + 1 - b2; and 

Di' is: 

X; 

CaiHbiXci; 

CaiHbZ^C^CaiHb^i; 

C a 2Hb2Xc20C a i Hb i X c i ; 
Ca2Hb2Xc2(C=0)OCaiHbiX cl ; and 

Ca2H b 2Xc20(C=0)CalH b lX c i ; 

where 

X is a halogen atom; 

al is an integer from 1 to 8; 

bl is an integer from 0 to 2(al)+l-cl; 

cl is an integer from 0 to 2(al)+l - bl; 

bl +cl is at least 1; 

a2 is an integer from 0 to 8; 



b2 is an integer from 0 to 2(a2) + 1 - c2; 
c2 is an integer from 0 to 2(a2) + 1 - b2. 
In one example, Di is selected from: 
CaiHbiXci; 

Ca2Hb2Xc2(C=0)C a iH b lX cl ; 
C a 2Hb2Xc20CalHblXci \ 

Ca2Hb2Xc2(C=0)OCaiH b iXci; or 

Ca2Hb2X c2 0(C=0)CalHblX c i . 

where: 

X is a halogen atom e.g., F, CI, Br or I; 
al is an integer from 1 to 8; 
bl is an integer from 0 to 2(al)+l - cl; 
cl is an integer from 0 to 2(al)+l - bl; 
bl + cl is equal to or greater than 1 ; 
a2 is an integer from 0 to 8; 
b2 is an integer from 0 to 2(a2)+l - c2; 
c2 is an integer from 0 to 2(a2)+l - b2; 
b2 + c2 is equal to or greater than 1 ; 
Di' is selected from: 

CalHblXcl, 

C a2 Hb2Xc2(C=0)C a iH b iXci, 

C a 2Hb2Xc 2 OCalHblXcl, 

C a2 H b2 X c2 (C=0)OCaiH b iX c , , 

Ca2Hb2X c2 0(C=0)CalHb 1 X cl ; 

where, 

X is a halogen atom e.g. F, Cl, Br or I; 
al is an integer from 1 to 8; 
bl is an integer from 0 to 2(al)+l - cl 
cl is an integer from 0 to 2(al)+l - bl 
bl + cl is equal to or greater than 1 
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a2 is an integer from 0 to 8 
b2 is an integer from 0 to 2(a2)+l - c2 
c2 is an integer from 0 to 2(a2)+l - b2 
b2 + c2 is equal to or greater than 1. 
In another example, Di is a halogen atom, X, e.g., F, CI, Br or I; and DI* is 
selected from: 

CalHblXd, 

Ca2Hb2Xc2(C=0)CalHblXci , 

Ca2Hb2Xc20C a 1 Hb 1 Xc l , 
Ca2Hb2Xc2(C=0)OC a iH b iX c i, 

C a2 H b2 X c2 0(C=0)C a iH b iX c i 

where, 

X is a halogen atom 

A 1 is an integer from 2 to 8; 

bl is an integer from 0 to 2(al)+l - cl 

cl is an integer from 0 to 2(al)+l - bl 

bl + cl is equal to or greater than 1 

a2 is an integer from 0 to 8 

b2 is an integer from 0 to 2(a2)+l - c2 

c2 is an integer from 0 to 2(a2)+l - b2 

b2 + c2 is equal to or greater than 1 . 
One example of the structural formula of a metallocene compound (CpMCp') of 
the invention is shown in Fig 3. 

Optionally, either or both Cp and Cp' moieties of the metallocene or 
metallocene-like compounds of the invention further include one or more additional 
substituent group, D x . In one example, at least one of Cp and Cp' is a multi-substituted 
cyclopentadienyl or indenyl moiety. 

A generalized structural formula of a CpMCp' metallocene compound of the 
invention is shown in Fig 4. Di and Di ' are independently selected as described above. 
D 2 > D 3 , D 4 , D 5 , D 2 \ D 3 \ D 4 \ and D 5 ' are independently selected from: 
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CalHblXci, 

Ca2Hb2Xc2(C=0)CalH bl Xc, , 
Ca2Hb2Xc20C a lHblXcl , 

Ca2Hb2Xc2(C=0)OC a iH bl X c i, or 

5 Ca2Hb2Xc20(C=0)CalH bl X cl 

where, 

al is an integer from 0 to 8 
bl is an integer from 0 to 2(al)+l - cl 
cl is an integer from 0 to 2(al)+l - bl 
10 bl + cl is equal to or greater than 1 

a2 is an integer from 0 to 8 
b2 is an integer from 0 to 2(a2)+l - c2 
c2 is an integer from 0 to 2(a2)+l - b2 
b2 + c2 is equal to or greater than 1 



15 
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Specific examples of ruthenium-based metallocene compounds that can be used 
in the invention are shown in Table 1 and in Fig. 5. 



Table 1 


1 -methyl, 1 -etnyirutnenocene 


1 ,2-dimethyl, 1 '-ethylruthenocene 


1 -methyl, 1 -propyirutnenocene 


1 -methyl, 1 ',3-diethylruthenocene 


1 -methyl, 1 -isopropyinitnenocene 


1 -methyl, 1 ',2-diethylruthenocene 


1 -methyl,! -butylrutnenocene 


1 -methvl l'-ethvL3-propylruthenocene 


1 -methyl, 1 -secDutyirutnenocene 


1 -methvl 1 '-nropvl,3-ethylruthenocene 


1 -methyl, 1 -tertbutyirutnenocene 


1 -ethvl 1 '-methyl,3-propylruthenocene 

i vuiy i) * iiivM»^ > r r J 


1 -ethyl, 1 -propyirutnenocene 


1 -methvl 1 '-ethvl2-propylruthenocene 


1 -ethyl, 1 '-isopropylruthenocene 


1 -methvl r-nropvL2-ethvlmthenocene 

1 llivlll Yl) i r i J ? wv "y * 


1 -ethyl, 1 '-butylruthenocene 


1 -pthvl 1 '-methvl 2-Dropvlruthenocene 


1 -ethyl, 1 '-secbutylruthenocene 


1 -methvl T-propvlruthenocene 

1 111VL11 T 1, X JT ./ v 


1 -ethyl, 1 -tertbutylruthenocene 


1 -methyl- 1 '-ethylruthenocene 


1 -propyl, 1 '-isopropylruthenocene 


1 ,3-dimethyl-l '-ethylruthenocene 


1 -propyl, 1 '-butylruthenocene 


1 ,2,l'-dmethyl-3'-ethylruthenocene 


1 -propyl, 1 '-secbutylruthenocene 


1 -butyl- 1 ' -acetylruthenocene 


1 -propyl, 1 '-tertbutylruthenocene 


1 -ethyl- 1 '-methoxyruthenocene 


1 -isopropyl, 1 '-butylruthenocene 


1 -ethyl- 1 ' -methoxy-2-ethoxyruthenocene 


1 -isopropyl, 1 '-secbutylruthenocene 


1 ,2,3 3 4-tetramethyl- 1 -etnyirutnenocene 


1 -isopropyl, 1 '-tertbutylruthenocene 


1 -acetyl, 1 '-ethoxyruthenocene 


1 -butyl, 1 '-secbutylruthenocene 


1 -difluoromethyl- 1 ' -ethylruthenocene 


1 -butyl, 1 '-tertbutylruthenocene 


l-trifluoromethyl,2,3,4-fluoro-l '- 
triflouromethylruthenocene 


1 -secbutylruthenocene, 1 '- 
tertbutylruthenocene 


1 -ethenyl- 1 ' -fluororuthenocene 


1 ,1',3-trimethylruthenocene 


l-ethoxymethyl-r,2'-diethylruthenocene 


1 , 1 ',2-trimethylruthenocene 


1 -ethyl, 1 ' -propanoylruthenocene 


l,3-dimethyl,l'-ethylruthenocene 


1 , r ,2,4-triethyl-3 5 -acetylruthenocene 
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The metallocene compounds that can be employed in the invention also include 
osmium-based and iron-based compounds similar to those shown in Table 1 or Fig. 5. 
Similarly, the method of the invention can be used to form metallocenes including other 
^"-coordinated aromatic moieties. 
5 Suitable metallocene compounds that are employed in the process of the 

invention are disclosed in U.S. Patent Application by David M. Thompson and Cynthia 
A. Hoover, with the title Asymmetric Group 8 (VIII) Metallocene Compounds, filed 
concurrently herewith under Attorney Docket Number D-21266, the entire teachings of 
which are incorporated herein by reference. 
10 A suitable synthetic method for preparing metallocene compounds that are 

employed in the process of the invention is disclosed in U.S. Patent Application, by 
David M. Thompson and Cynthia A. Hoover with the title of Methods for Making 
Metallocene Compounds, filed concurrently herewith, under Attorney Docket Number 
D-21245, the entire teachings of which are incorporated herein by reference. 
1 5 The metal salt can be a metal (III) salt, such as, for example, a metal halide (e.g., 

chloride, bromide, iodide, fluoride), a metal nitrate and other suitable metal salts. M is 
a Group 8 (VIII) metal, e.g., Ru, Os or Fe. Generally, the metal salt is abbreviated as 
MX n . As used herein, the abbreviation MX n does not exclude metal salt compounds 
that include water of hydration and that, as known in the art, can be more specifically 
20 represented by the formula MX n (iH 2 0, \i being other than 0. Thus in specific 

examples, the abbreviation FeX 3 used herein includes anhydrous as well as hydrated 
iron salts that can be employed to form ferrocenes or ferrocene-like compounds. 

The metal (M) salt (X) can be a metal (III) salt, such as, for example, a metal 
halide (e.g., chloride, bromide, iodide, fluoride), a metal nitrate and other suitable metal 
25 salts. The metal is represented more specifically by the formula MX n or, if water of 
hydration is present, by MX n uH 2 0. M is Ru, Os or Fe. Metal salts, such as, for 
instance, FeX 3 -7/H 2 0, or FeX 3 , are employed to form ferrocenes or ferrocene-like 
compounds. 
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Ligand (L) generally is an electron pair donor compound. A neutral electron 
pair donor, such as, for example, triphenylphosphine (PPh 3 ) is employed in one 
example. Tricyclohexylphosphine and other phosphines of the general formula PR 3 , as 
well as phosphite triesters, P(OR) 3 , where R is phenyl, cyclohexyl, alkyl or branched 
5 alkyl, e.g., t-butyl, group, also can be employed. Other suitable electron pair donors 
include amines, phosphates, carbonyl compounds, olefins, polyolefins, chelating 
phosphines, chelating amines and others. 

The Cp compound is a precursor of the Cp moiety in the CpMCp' compound 
described above. Preferably the Cp compound is HCp, e.g., cyclopentadiene or indene. 
10 The Cp component also can be provided as a salt of a cyclopentadienyl or indenyl 
anion, e.g., potassium cyclopentadienyl (KCp), sodium cyclopentadienyl (NaCp), 
lithium cyclopentadienyl (LiCp) and others. Suitable cations for use with a 
cyclopentadienyl anion in the synthetic method described herein include trimethylsilyl 
(TMS), Na, Li, K, Mg,Ca and Tl. 
1 5 At least one hydrogen atom in the Cp moiety is replaced by a group D, , as 

described above. Specific examples of HCp include, methylcyclopentadiene, 
ethylcyclopentadiene, n-propyl- or isopropylcyclopentadiene, n-butyk sec-butyl- or 
tert-butylcyclopentadiene, or halo-cyclopentadiene. 

The Cp compound also can be di- or multi-substituted, e.g., it can be a di-, tri-, 
20 tetra- and penta-substituted-cyclopentadiene. Specific examples of substituent groups 
D 2 , D 3 , D 4 and D 5 are described above. 

Each of the MX n , L and HCp components can be provided in neat form or can 
optionally include a suitable solvent. Preferred solvents that can be employed in the 
method of the invention include alcohols, such as, for instance, ethanol, methanol, 
25 isopropanol and other alcohols. Ethyl acetate, tetrahydrofuran (THF), saturated or 

unsaturated hydrocarbons, aromatic heterocycles, alkyl halides, silylated hydrocarbons, 
ethers, polyethers thioethers, esters, lactones, amides, amines, polyamines, nitriles, 
silicone oils and other aprotic solvents also can be employed. Combinations of solvents 
also can be employed. 
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Generally, concentrations of MX n , L and Cp are selected as known in the art. 
For example, the molar concentration of MX n in a suitable solvent can be in the range of 
from about 0.1 M to neat. That of L in a suitable solvent can be in the range of from 
about 0.1 M to neat. The molar concentration of Cp in a suitable solvent can be in the 
5 range of from about 0.1 to neat. If neat phosphine is employed it is believed that the 
reaction would be highly exothermic. Methods and systems for dissipating substantial 
amounts of heat of reaction per unit volume are known in the art. 

The three components can be combined in any order. In one example, the metal 
component and the HCp component are added concurrently to the L component. In 
10 another embodiment, the metal component and the HCp component are combined to 
form a mixture and then the mixture is combined with the L component, for instance by 
adding the L component to the mixture. In yet another embodiment, all components are 

combined at the same time. 

Typically the molar ratio of HCp to MX n used is in the range from about 50 to 
1 5 about 1 , preferably from about 12 to about 2 and most preferably in the range from 

about 7 to about 5. Typically, the molar ratio of L to MX n is in the range of from about 
8 to about 0, preferably from about 6 to about 2 and most preferably from about 5 to 
about 3.5. If a large excess amount of HCp component is employed, the reaction is 
driven to forming (Cp) 2 M product. 
20 The reaction temperature preferably is around the boiling point of the solvent 

employed or the boiling point of the reaction mixture. Other suitable temperatures can 
be determined by routine experimentation. Generally, the reaction can be conducted at 
a temperature that is in the range of from above the freezing point to about the boiling 
point of the reaction composition. For instance, the reaction can be conducted at a 
25 temperature in the range of from about -100°C to about 150°C. 

The time of reaction generally depends on temperature, and concentration of the 
various reactants, and can range, for example, from about 5 minutes to about 96 hours. 

The intermediate component formed by the reaction of the MX n L and HCp can 
be represented by the formula CpMLfX, where f = 1 or 2. 
30 In one example, CpMLfX is isolated, e.g., as a solid, by methods known in the 
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art. Intermediate compound, CpMLfX, is then reacted with a Cp' compound, preferably 
in the presence of a solvent. The Cp' compound preferably includes an anion of the Cp' 
moiety in the compounds of the invention described above. Counterions can include 
trimethylsilyl (TMS), Na, Li, K, Mg, Ca, Tl. Specific examples of cyclopentadienyl 
compounds that can be used include, but are not limited to sodium or lithium 
ethylcyclopentadienide, sodium or lithium methylcyclopentadienide, sodium or lithium 
isopropylcyclopentadienide and others. Di- or multi-substituted anions of the Cp' 
moiety also can be employed (e.g., di-, tri-, tetra- or penta-substituted cyclopentadienyl 
anions). Anions of unsubstituted indenes, cyclic poly-olefms, polycyclic unsaturated 
hydrocarbons, heterocycles, aromatic rings also can be employed, as described above. 
In a specific example, the intermediate compound is CpRu(PPh 3 ) 2 Cl. It is 

reacted with a salt of Cp'. Recommended salts of Cp' include NaCp', LiCp', (Cp') 2 Mg, 

TMS(Cp') and (Cp')Tl. 

Examples of suitable solvents include benzene, toluene, xylenes, pentanes, 

hexanes, petroleum ether, aromatic heterocycles, saturated or unsaturated hydrocarbons, 

alkyl halides, silylated hydrocarbons, ethers, polyethers, thioethers, esters, lactones, 

amides, amines, polyamines, nitriles, silicones, and others. 

Generally, the molar concentrations of the Cp' component in a solvent can be in 

the range of from about 0.1 M to about 3.5 M, preferably in the range of from about 0.5 

M to about 2.5 M and most preferably in the range of from about 1 .4 to about 1 .8 M. 
Typically, the molar ratio of Cp' relative to the CpMLfX is in the range from 

about 50 to about 1, preferably from about 6 to about 1 and most preferably from about 

1.6 to about 1.2. 

In another example the intermediate CpMLfX is not isolated. Following its 
formation in solution, a Cp' compound, such as a salt described above, is added to the 
solution that includes CpMLfX. 

The reaction between the Cp' component and the intermediate CpMLfX 
(whether isolated or not) is conducted at a temperature such as generally described 
above and results in the formation of CpMCp' product. 

The time of reaction generally depends on temperature, and concentration of the 
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various reactants, and can range from about 15 minutes to about 6 days. 

When synthesizing structures of the type CpRuCp' in which one of the rings 
contains a ketone, ester or ether functionality, it is preferred that the ring with the 
greater number of ketones, esters or ethers is identified as the Cp' ring, and that it is 
added to the intermediate as a TMS salt. 

The product of the reaction, CpMCp', can be isolated and or purified by 
methods known in the art, such as, for example, solvent, e.g., hexane, extraction 
followed by distillation, sublimation or chromatography or directly by distillation, 
sublimation or chromatography. Recrystallization, ultracentrifugation and other 
techniques also can be employed. Alternatively, the product can be employed in the 
reaction mixture without further isolation and or purification. 

A method for forming the compounds of the invention is described by the 
chemical reaction shown in Fig. 6. In the method depicted in Fig. 6, MCb/xW, 
triphenylphosphine and a D, -substituted cyclopentadiene react in ethanol, under reflux, 
to form intermediate compound CpM(PPh 3 ) 2 Cl, which then reacts with sodium Di'- 
substituted cyclopentadienide to form CpMCp'. 

Either or both Cp and/or Cp' can include additional substituent groups, D x , such 
as, for instance, groups described above. Thus either or both Cp and/or Cp' can be a 
di-, tri-, tetra- or penta-substituted cyclopentadiene moiety. 

A synthetic scheme that can be employed to form a specific di-substituted 
asymmetric ruthenocene, i.e., l-methyl,l '-ethylruthenocene or (methyl- 
cycplopentadienyl)ethylcyclopentadienyl)ruthenium), is shown in Fig. 7. As shown in 
Fig. 7, RuCl 3 XH 2 0, triphenylphosphine and methylcyclopentadiene react in ethanol, 
under reflux, to form intermediate compound 

chloro(methylcyclopentadienyl)bis(triphenylphosphine)ruthenium(II) or(n 5 - 
C 5 H4C2H 5 )Ru(PPh3)2Cl, which then reacts with a sodium ethylcyclopentadienide to 
form 1 -methyl, 1 '-ethylruthenocene. 

Examples of techniques that can be employed to characterize the compounds 
formed by the synthetic methods described above include, but are not limited to, 
analytical gas chromatography, nuclear magnetic resonance (NMR), thermogravimetric 
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analysis (TGA), inductively coupled plasma mass spectrometry (ICPMS), vapor 
pressure and viscosity measurements. 

Relative vapor pressures, or relative volatility, of precursors described above can 
be measured by thermogravimetric analysis techniques known in the art. Equilibrium 
5 vapor pressures also can be measured, for example by evacuating all gases from a 

sealed vessel, after which vapors of the compounds are introduced to the vessel and the 
pressure is measured as known in the art. 

Without being held to a particular mechanism, it is believed that specific 
functionalization of the Cp and Cp' rings to tailor the properties of Group 8 (VIII) 
10 metallocenes, such as solubility, vapor pressure, decomposition, combustion and other 
reaction pathways, reduction/oxidation potentials, geometry, preferred orientations and 
electron density distribution. For example, it is believed that larger substituent D, 
and/or D,' contribute to an increase in molecular entropy and that metallocene 
compounds described herein are more likely to be liquid at room temperature in 
1 5 comparison to previously disclosed compounds. 

In the process of the invention, a metallocene compound described above is 
decomposed and the organic moieties are eliminated, resulting in the formation of a 
Group 8 (VIII) metal-based or Group 8 (VIII) metal oxide-based film, coating or 
powder. 

20 Precursors described herein that are liquid at room temperature are well suited 

for preparing in-situ powders and coatings. For instance, a liquid precursor can be 
applied to a substrate and then heated to a temperature sufficient to decompose the 
precursor, thereby eliminating the organic groups and forming a metal or metal oxide 
coating on the substrate. Applying a liquid precursor to the substrate can be by 

25 painting, spraying, dipping or by other techniques known in the art. Heating can be 
conducted in an oven, with a heat gun, by electrically heating the substrate, or by other 
means, as known in the art. A layered coating can be obtained by applying a precursor, 
and heating and decomposing it, thereby forming a first layer, followed by at least one 
other coating with the same or a different precursors, and heating. 
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Liquid metallocene precursors such as described above also can be atomized and 
sprayed onto a substrate. Atomization and spraying means, such as nozzles, nebulizers 
and others, that can be employed are known in the art. 

In preferred embodiments of the invention, a metallocene or metallocene-like 
compound, such as described above, is employed in gas phase deposition techniques for 
forming powders, films or coatings. The compound can be employed as a single source 
precursor or can be used together with one or more other precursors, for instance, with 
vapor generated by heating at least one other organometallic compound or metal 
complex. More than one metallocene precursors, such as described above, also can be 

employed in a given process. 

Deposition can be conducted in the presence of other gas phase components. In 
one embodiment of the invention, film deposition is conducted in the presence of at 
least one non-reactive carrier gas. Examples of non-reactive gases include inert gases, 
e.g., nitrogen, argon, helium, as well as other gases that do not react with the precursor 
under process conditions. In other embodiments, film deposition is conducted in the 
presence of at least one reactive gas. Some of the reactive gases that can be employed 
include but are not limited to hydrazine, oxygen, hydrogen, air, oxygen-ennched an, 
ozone (0 3 ), nitrous oxide (N 2 0), water vapor, organic vapors and others. As known in 
the art, the presence of an oxidizing gas, such as, for example, air, oxygen, oxygen- 
enriched air, 0 3 , N 2 0 or a vapor of an oxidizing organic compound, favors the 
formation of a metal oxide film. It is believed that the presence or oxygen atoms in the 
Dl , D,', D x and D x ' organic groups also favors the formation of metal oxides. 

Deposition processes described herein can be conducted to form a film, powder 
or coating that includes a single metal, e.g, an Os-film, or a film, powder or coating that 
includes a single metal oxide, e.g., Ru0 2 . Mixed films, powders or coatings also can 
be deposited, for instance mixed metal oxide films. A mixed metal oxide film can be 
formed, for example, by employing several organometallic precursors, at least one of 
which being selected from the metallocene or metallocene-like compounds descnbed 



above. 
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Gas phase film deposition can be conducted to form film layers of a desired 
thickness, for example, in the range of from about 1 nm to over 1 mm. The precursors 
described herein are particularly useful for producing thin films, e.g., films having a 
thickness in the range of from about 10 nm to about 100 nm. Films of ruthenium, for 
5 instance, can be considered for fabricating metal electrodes, in particular as p-channel 
metal electrodes in logic, and as capacitor electrodes for DRAM applications. 

The process also is suited for preparing layered films, wherein at least two of the 
layers differ in phase or composition. Examples of layered film include metal- 
insulator-semiconductor (MIS), and metal-insulator-metal (MM). 
10 In one embodiment, the invention is directed to a process that includes the step 

of decomposing vapor of a metallocene or metallocene-like precursor described above, 
e.g., one of the compounds shown in Table 1, thermally, chemically, photochemically 
or by plasma activation, thereby forming a film on a substrate. For instance, vapor 
generated by the compound, preferably a liquid at room temperature, is contacted with a 
15 substrate having a temperature sufficient to cause the metallocene compound to 
decompose and form a film that includes a Group 8 (VIII) metal or Group 8 (VIII) 

metal oxide on the substrate. 

The precursors can be employed in CVD or, more specifically, in metallo- 
organic chemical vapor deposition (MOCVD) processes known in the art. For instance, 
20 the precursors described above can be used in atmospheric, as well as in low pressure, 
CVD processes. The compounds can be employed in hot wall CVD, a method in which 
the entire reaction chamber is heated, as well as in cold or warm wall type CVD, a 
technique in which only the substrate is being heated. 

The precursors described above also can be used in plasma or photo-assisted 
25 CVD processes, in which the energy from a plasma or electromagnetic energy, 
respectively, is used to activate the CVD precursor. The compounds also can be 
employed in ion-beam, electron-beam assisted CVD processes in which, respectively, 
an ion beam or electron beam is directed to the substrate to supply energy for 
decomposing a CVD precursor. Laser-assisted CVD processes, in which laser light is 
30 directed to the substrate to affect photolytic reactions of the CVD precursor, also can be 
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used. 

The process of the invention can be conducted in various CVD reactors, such as, 
for instance, hot or cold-wall reactors, plasma-assisted, beam-assisted or laser-assisted 

reactors, as known in the art. 
5 Precursors that are liquid at room temperature often are preferred during CVD 

manufacturing and several asymmetric ruthenocene compounds described above have 
properties that make them suitable as CVD precursors. 1 -methyl, l'-ethylruthenocene, 
for instance, has a melting point of 2°C. 1 -ethyl, l'-isopropylruthenocene has a melting 
point of 3°C; l-methyl,l '-isopropylruthenocene is a liquid at room temperature. The 
10 previously used symmetric 1, 1 '-diethylruthenocene, has a melting point of 6°C, while 
1-ethylruthenocene has a melting point of 12 °C. 

Examples of substrates that can be coated employing the process of the 
invention include solid substrates such as metal substrates, e.g., Al, Ni, Ti, Co, Pt, Ta; 
metal silicides, e.g., TiSi 2 , CoSi 2 , NiSi 2 ; semiconductor materials, e.g., Si, SiGe, GaAs, 
15 InP, diamond, GaN, SiC; insulators, e.g., Si0 2 , Si 3 N 4 , Hf0 2 , Ta 2 0 5 , A1 2 0 3 , barium 

strontium titanate (BST); barrier materials, e.g., TiN, TaN; or on substrates that include 
combinations of materials. In addition, films or coatings can be formed on glass, 
ceramics, plastics, thermoset polymeric materials, and on other coatings or film layers. 
In preferred embodiments, film deposition is on a substrate used in the manufacture or 
20 processing of electronic components. In other embodiments, a substrate is employed to 
support a low resistivity conductor deposit that is stable in the presence of an oxidizer, 
at high temperature, e.g., a Ru metal or Ru0 2 film, or an optically transmitting film, 
e.g., Ru0 2 . 

The process of the invention can be conducted to deposit a film on substrate that 
25 has a smooth, flat surface. In a preferred embodiment, the process is conducted to 

deposit a film on a substrate used in wafer manufacturing or processing. For instance, 
the process can be conducted to deposit a film on patterned substrates that include 
features such as trenches, holes or vias. Furthermore, the process of the invention also 
can be integrated with other steps in wafer manufacturing or processing, e.g., masking, 
30 etching and others. 
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CVD or MOCVD films can be deposited to a desired thickness. For example, 
films formed can be less than 1 micron thick, preferably less than 500 nanometer and 
more preferably less than 200 nanometer thick. Films that are less than 50 nanometer 
thick, for instance, films that have a thickness between about 20 and about 30 

5 nanometer, also can be produced. 

Asymmetric metallocene compounds described above also can be employed in 
the process of the invention to form films by atomic layer deposition (ALD) or atomic 
layer nucleation (ALN) techniques, during which a substrate is exposed to alternate 
pulses of precursor, oxidizer and inert gas streams. Sequential layer deposition 

10 techniques are described, for example, in U.S. Patent No. 6,287,965, issued on Sep. 1 1, 
2001 to Kang, et al. and in U.S. patent No. 6,342,277, issued on January 29, 2002 to 
Sherman. The teachings of both patents are incorporated herein by reference in their 
entirety. 

For example, in one ALD cycle, a substrate is exposed, in step-wise manner, to: 
15 a) an inert gas; b) inert gas carrying precursor vapor; c) inert gas; and d) oxidizer, alone 
or together with inert gas. In general, each step can be as short as the equipment will 
permit (e.g. millimeters) and as long as the process requires (e.g., several seconds or 
minutes. The duration of one cycle can be as short as milliseconds and as long as 
minutes. The cycle is repeated over a period that can range from a few minutes to 
20 hours. Film produced can be a few nanometers thin or thicker, e.g., lmillimeter (mm). 

The process of the invention also can be conducted using supercritical fluids. 
Examples of film deposition methods that use supercritical fluid that are currently 
known in the art include chemical fluid deposition (CFD); supercritical fluid transport- 
chemical deposition (SFT-CD); supercritical fluid chemical deposition (SFCD); and 
25 supercritical immersion deposition (SFID). 

CFD processes, for example, are well suited for producing high purity films and 
for covering complex surfaces and filling of high-aspect-ratio features. CFD is 
described, for instance, in U.S. Patent No. 5,789,027, issued to Watkins, et al, on 
August 4, 1998. The use of supercritical fluids to form films also is described in U.S. 
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Patent No. 6,541,278 B2, issued on April 1, 2003 to Morita, et al. The teachings of 
these two patents are incorporated herein by reference in their entirety. 

In one embodiment of the invention, a heated patterned substrate is exposed to 
one or more precursors, such as one or more precursors shown in Table 1 , e.g., 1- 
methyl,l'-ethylruthenocene, in the presence of a solvent, such as a near critical or 
supercritical fluid, e.g., near critical or supercritical C0 2 . In the case of C0 2 , the 
solvent fluid is provided at a pressure above about 1000 psig and a temperature of at 
least about 30°C. 

The precursor is decomposed to form a Group 8 (VIII) metal film on the 
substrate. The reaction also generates organic material from the Cp and Cp' moieties in 
the precursor. The organic material is solubilized by the solvent fluid and easily 
removed away from the substrate. Metal oxide films also can be formed, for example 
by using an oxidizing gas. 

In one example, the deposition process is conducted in a reaction chamber that 
houses one or more substrates. The substrates are heated to the desired temperature by 
heating the entire chamber, for instance, by means of a furnace. Vapor of the 
metallocene compound can be produced, for example, by applying a vacuum to the 
chamber. For low boiling compounds, the chamber can be hot enough to cause 
vaporization of the compound. As the vapor contacts the heated substrate surface, it 
decomposes and forms a metal or metal oxide film. As described above a metallocene 
or metallocene-like precursor can be used alone or in combination with one or more 
components, such as, for example, other organometallic precursors, inert carrier gases 
or reactive gases. 

A schematic diagram of a system that can be used in producing films by the 
process of the invention is shown in Fig. 8. As shown in Fig. 8, raw materials are 
directed to a gas-blending manifold to produce process gas that is supplied to a 
deposition reactor, where film growth is conducted. Raw materials include, but are not 
limited to, carrier gases, reactive gases, purge gases, precursor, etch/clean gases, and 
others. Precise control of the process gas composition is accomplished using mass-flow 
controllers (MFCs), valves, pressure transducers, and other means, as known in the art. 
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Also shown in Fig. 8 is an exhaust manifold that conveys gas exiting the 
deposition reactor, as well as a bypass stream, to a vacuum pump. An abatement 
system, downstream of the vacuum pump, is used to remove any hazardous materials 
from the exhaust gas. 

5 The deposition system is equipped with in-situ analysis system, including a 

residual gas analyzer, which permits measurement of the process gas composition. A 
control and data acquisition system monitors the various process parameters (e.g., 
temperature, pressure, flow rate, etc.). 

Shown in Fig. 9 is a schematic diagram of apparatus 10 that is an example of a 
10 suitable apparatus that can be employed to prepare process gas for film deposition by 
the method of the invention. Apparatus 10 includes vaporizer 12, where a liquid or 
solid precursor is vaporized by means known in the art. The temperature of the 
precursor, which determines its vapor pressure, is monitored by a thermocouple, and is 
controlled by resistive heaters. A suitable mathematical equation that can be used to 
1 5 correlate the vapor pressure of the compound to the temperature is: 

lnP sa t=A-B/T 

where lnP sa , is the natural logarithm of the saturated vapor pressure, A and B are 
experimentally or theoretically derived constants and T is the absolute temperature 
(Kelvin). 

20 A carrier gas, such as nitrogen, is supplied to vaporizer 1 2 from a gas source 1 4, 

e.g., a gas tank. The desired flow rate of the carrier gas is controlled by MFC 16. 
Pressure of the carrier gas is measured by pressure gauge 18. Valves 20 and 22 are 
employed to control the flow of the gas supplied to vaporizer 12. Valves 24 and 26 are 
employed to control the flow of the vaporized precursor and carrier gas that exit the 

25 vaporizer. Closing by-pass valve 28 directs carrier gas to vaporizer 12. Needle valve 
30, located downstream of vaporizer 12, is used to control the total pressure inside the 
vaporizer and flow of process gas supplied to deposition reactor 32. 

Assuming the gas exiting the vaporizer is fully saturated (i.e. partial pressure 
equals the vapor pressure), the flow rate of the precursor can be determined using the 
30 carrier gas flow rate, total pressure, and precursor vapor pressure. 
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Fig. 10 is a schematic diagram of deposition reactor 32. The process gas that 
includes carrier gas and vapor phase precursor is introduced via inlet 34. Multiple inlets 
or apertures also can be employed for separate injection of process gases, vapors or 
supercritical fluids. 

5 Film is deposited on substrate 36. A fixed gap spacing is maintained between 

the bottom of inlet 34 and the top of substrate 36. Substrate 36 is supported by a 
molybdenum susceptor 38. Susceptor 38 is a disk-, capable of holding samples, e.g., 
having a diameter of up to 3". The reactor can be modified to deposit films over larger 
substrates, for example, on 200 or 300 millimeter (mm) wafers. 

1 0 Susceptor temperature is measured using a thermocouple 40, and controlled by a 

tungsten-halogen lamp 42. Deposition reactor pressure is monitored using a 
capacitance manometer 44. During film deposition, substrate 36 is heated to the desired 
temperature, and brought into contact with the process gas. A vacuum pump is used to 
reduce the pressure within the deposition reactor. 

1 5 In other examples, the reaction chamber is provided with in situ analysis and/or 

automatic process control and data acquisition. Isothermal control of process lines and 
chamber walls also can be provided. 

Generally, the pressure in deposition reactor 32 is in the range of from about 
0.01 Torr to 760 Torr, preferably in the range of from about 0.1 Torr to about 760 Torr 

20 and most preferably in the range of from about 1 Torr to about 50 Torr. 

Generally, film deposition is conducted at a temperature in the range of from 
about 75° C to about 700° C, preferably in the range of from about 250° C to 450° C. 
temperature 

As known in the art, the presence of an oxidizing gas, such as, for example, air, 
25 oxygen, oxygen-enriched air, ozone (0 3 ), nitrous oxide (N 2 0) or a vapor of an oxidizing 
organic compound, favors the formation of a metal oxide film. Other techniques that 
favor forming a metal oxide film also can be employed, as known in the art. The 
oxidizer partial pressure generally is in the range of from about 0 to about 50 Torr. The 
molar ratio of oxidizer to precursor can be in the range of from 0 to 10,000. 
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The precursors described above can be employed to produce films that include a 
single metal, e.g, an Os-film, or a film that includes a single metal oxide, e.g., Ru0 2 . 
Mixed films also can be deposited, for instance mixed metal oxide films. Such films 
are produced, for example, by employing several organometallic precursors, at least one 
5 of which being selected from the metallocene or metallocene-like compounds described 
above. 

Metal films also can be formed, for example, by using no carrier gas, vapor or other 

sources of oxygen. 

Films formed by the methods described herein can be characterized by 
10 techniques known in the art, for instance, by X-ray diffraction (XRD), Auger 
spectroscopy, X-ray photoelectron emission spectroscopy (XPS), atomic force 
microscopy (AFM), scanning electron microscopy, and other techniques known in the 
art. Resistivity and thermal stability of the films also can be measured, by methods 
known in the art. 

15 

EXEMPLIFICATION 
EXAMPLE 1 

STEP A 

A 5 L five-necked round bottomed flask was equipped with a mechanical 
stirring paddle through the central neck. It was then charged with ethanol (2.0 L) and 
PPh3 (420 g, 1 .6 mol). Two 500 mL three necked flasks, were connected to two necks 
of the 5 L four-necked flask via Teflon® (perfluorinated polymer, DuPont Corp.) tubing 
through positive displacement pumps. The remaining neck of the 5 L flask was 
25 equipped with a condenser. A heating mantle was placed beneath the 5 L flask and the 
solution was stirred and heated to reflux. At reflux all of the triphenylphosphine 
dissolved in the ethanol. The system was purged with nitrogen for 30 minutes while at 
reflux. 
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While this was taking place one of the 500 mL round-bottomed flasks was 
charged with RuCl 3 XH 2 0 (100 g, 0.40 mol), ethanol (300 mL) and a Teflon® 
(perfluorinated polymer, DuPont Corp.) coated magnetic stirring bar. The ethanolic 
solution immediately developed a brown/orange colour. To dissolve all of the 
RuCl 3 XH 2 0 it was necessary to heat the solution. This solution was sparged with 
nitrogen for 30 minutes by inserting a needle connected to a 1-2 pounds per square inch 
gauge (psig) nitrogen source through the septum and into the solution and by piercing 
the septum with another needle to allow for relief of excess pressure. 

An acetonitrile/dry ice bath was made up and the other 500 mL flask was 
immersed into this bath. Freshly distilled methylcyclopentadiene (190 g, 270 mL, 2.4 
mol, freshly distilled under a nitrogen atmosphere) was then cannulated into the cooled 
flask. 

After the nitrogen sparging of the ethanolic solutions of triphenylphosphine and 
ruthenium trichloride had completed, the contents of the two 500 mL flasks were 
pumped into the 5.0 L flask by positive displacement pumps at independent rates so that 
both additions completed after 5 minutes. To accomplish this the ethylcyclopentadiene 
was pumped in at a rate of 45 mL/min and the ethanolic ruthenium trichloride was 
pumped in at a rate of 50 mL/min. 

After the addition had been completed the solution was left to reflux for an 
additional 2 hours. During this time small orange crystals could be seen accumulating 
above the meniscus of the solution on the walls of the 2 L flask. 

STEPB 

The two positive displacement pumps and Teflon® (perfluorinated polymer, 
DuPont Corp.) lines were disconnected from the 5 L flask after the 2 hours of stirring. 
A distillation sidearm was connected one of the necks of the flask and approximately 1 
L of ethanol was removed via distillation. Mechanical stirring was discontinued and the 
orange crystals settled to the bottom of the flask. The solution cooled to room 
temperature over 3 hours. The solution was then removed from the flask by inserting a 
piece of glass tubing with a coarse frit attached to the end of it and using reduced 
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pressure to draw the solution through the frit and out of the flask. The crystals were 
washed with heptane (300 mL) and the heptane was removed in a similar fashion. The 
washing was carried out three times. 

STEPC 

5 All of the open ports to the flask were sealed with rubber septa and the flask 

was evacuated and refilled with nitrogen three times. THF (500 mL, anhydrous) was 
cannulated into the flask and mechanical stirring was initiated. A THF solution of 
lithium ethylcyclopentadiene (500 mL, 1.2 M, 0.60 mol) was then cannnulated into the 
5 L flask. The contents were heated to reflux and stirred for 4 hours. 

1 0 After the 4 hours of reflux, stirring was discontinued and the solution was 

transferred to a 2 L one necked round bottomed flask. This solution was concentrated 
to a volume of approximately 200 mL on a rotary evaporator. The viscous liquid was 
then transferred to a 250 mL round bottomed flask. 

The 250 mL round-bottomed flask was fitted with a short path distillation 

1 5 adapter with vigreux indentations and a 1 00 mL storage flask receptacle. The liquid 
was distilled under vacuum and a clear yellow liquid, 1 -methyl, l'-ethylruthenocene 
containing some triphenylphosphine (determined by GCMS). Spinning band distillation 
of the yellow liquid afforded 84.6 g (82% yield) of triphenylphosphine free 1 -methyl, 
T-ethylruthenocene in >99% purity (GCMS, 1H NMR), with the remaining impurities 

20 being attributable to 1 , 1 •-dimethylruthenocene and 1 , 1 •-diethylruthenocene. TGA 
studies showed that this liquid had less than 0.01% nonvolatile residue. 



EXAMPLE 2 

25 A 2 L three-necked round bottomed flask was charged with a Teflon 

(perfluorinated polymer, DuPont Corp.) stirring bar, ethanol (1.0 L) and PPh 3 (263 g, 
1.0 mol, 5 eq). A 250 mL dropping funnel, a 150 mL bath-jacketed dropping funnel, 
and a condenser were attached to the three necks of the 2L flask. It is important to note 
that both dropping funnels were equipped with Teflon® valves that permitted their 
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isolation from the atmosphere of the round-bottomed flask. A rubber septum was 
connected to the top of the 150 mL bath-jacketed dropping funnel. The top of the 
condenser was fitted with an T junction adapter and connected to an inert atmosphere. 
A heating mantle was placed beneath the 2 L three-necked round-bottomed flask and 
5 the solution was stirred and heated to reflux. At reflux all of the triphenylphosphine 
dissolved in the ethanol. The system was purged with nitrogen for 3 hours while at 
reflux. 

While this was taking place a 500 mL erlenmyer flask was charged with 
RuCl 3 XH 2 0 (50 g, 0.20 mol), ethanol (150 mL, 1 eq) and a Teflon® (perfluorinated 

10 polymer, DuPont Corp.) coated magnetic stirring bar. The ethanolic solution 

immediately developed a brown/orange colour. To dissolve all of the RuCl 3 XH 2 0 it 
was necessary to gently heat the solution. This solution was poured into the 250 mL 
dropping funnel and the dropping funnel was fitted with a rubber septum. This solution 
was sparged with nitrogen for 30 minutes by inserting a needle connected to a 1-2 psig 

1 5 nitrogen source through the septum and into the solution and by piercing the septum 
with another needle to allow for relief of excess pressure. 

A methanol/dry ice bath was made up in the 150 mL bath-jacketed dropping 
funnel. The interior of this dropping funnel was purged with nitrogen for 30 minutes in 
a similar fashion to which the other dropping funnel was sparged. 

20 Methylcyclopentadiene (96.2 g, 1 .2 mol, 6 eq, doubly distilled under a nitrogen 

atmosphere) was then cannulated into the cooled dropping funnel through the rubber 
septum. 

After the 3 hours of purging the 2 L-round bottomed flask had elapsed, the 
Teflon® valves isolating the dropping funnels from the rest of the system were both 
25 opened and dropwise addition of the two solutions commenced simultaneously. Over 
the course of 20 minutes the two solutions were both added to the ethanolic PPh 3 
solution. During this entire time the solution was at reflux. The solution quickly 
developed a deep orange brown color. After the addition had been completed the 
solution was left to reflux for an additional 2 hours. During this time small orange 
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crystals of CpRu(PPh 3 ) 2 Cl could be seen accumulating above the meniscus of the 
solution on the walls of the 2 L flask. 

A piece of tubing with a coarse porous frit attached to one end was attached to a 
positive displacement pump. The fritted end of the tubing was immersed in the reactor 
5 and all of the liquids were pumped out of the 2 L round-bottomed flask. At this stage 
the dropping funnels were removed from the reactor. One side was fitted with a K- 
Head distillation adapter and the other side was fitted with a rubber septum. The flask 
was evacuated and refilled with nitrogen three times. Working under nitrogen, 
anhydrous toluene (1 .0 L) was cannulated into the 5 L flask through the rubber septum. 
10 The dark opaque solution was heated to reflux and the K-head distillation adapter was 
opened to distill off a fraction of the solvent. Distillate was collected until the head 
temperature reached 109 °C (It is important to note that in different experiments this 
consumes different volumes of solvent - typically 400-600 mL of liquid). The solution 
was then cooled to below reflux. 
1 5 The flask was then charged with additional toluene to obtain a volume of 

approximately 600 mL toluene. A lithium ethylcyclopentadienide slurry of toluene (35 
g, 0.35 mol, 400 mL) was then cannulated into the reaction pot. Following this addition 
the solution was stirred for 4 hours at 80 °C. At this stage the flask was removed from 
the glovebox and the majority of toluene was removed using a K-head distillation 
20 adapter. 

The remaining liquid (approximately 400 mL) was decanted into a 1 .0 L round- 
bottomed flask. This round-bottomed flask was fitted with a short path distillation 
adapter with vigreux indentations and distilled. The liquid collected from the vigreux 
column was distilled again using spinning band distillation under vacuum and 44 g of a 
25 clear yellow liquid, l-methyl,l '-ethylruthenocene was obtained in >99% purity 

(GCMS). TGA studies showed that this liquid had less than 0.01% nonvolatile residue. 



30 
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EXAMPLE 3 



Lithium(ethylcyclopentadienide) was produced as follows. A 2 L three-necked 
jacketed round bottomed flask was charged with a Teflon® (perfluorinated polymer, 

5 DuPont Corp.) stirring bar. A stopcock adapter, a thermowell adapter with thermowell 
and a rubber septum were fitted to the three necks of the flask. A nitrogen/vacuum 
manifold was connected to the stopcock adapater and the flask was evacuated and 
refilled with nitrogen 3 times. Anhydrous toluene (1.0 L) was then cannulated into the 
flask through the rubber septum and stirring was initiated. A cold fluid circulator was 

10 connected to the outer jacket of the jacketed flask with nalgene tubing and a cold fluid ( 
-15 °C) was circulated through the outside wall of the jacketed flask. Once the toluene 
reached -10 °C, freshly distilled ethylcyclopentadiene (middle cut distilled on a vigreux 
column) was cannulated into the flask (127 g, 1.35 mol). While stirring, n-butyllithium 
(800 mL, 1 .6 M in hexanes, 1 .28 mol) was slowly cannulated at a rate that kept the 

15 temperature below 0 °C (approximately 2 hours). During the addition of the n- 

butyllithium a fine white precipitate (lithium ethylcyclopentadienide) became evident in 
the solution. 

This material could be used as a suspension or isolated as a solid via filtration 
and removal of solvent. 



20 



EXAMPLE 4 



25 



In a nitrogen glovebox, a 250 mL flask was charged with THF (50 mL, 
anhydrous, inhibitor free), 

chloro(ethylcyclopentadienyl)bis(triphenylphosphine)ruthenium(II) (3.22 g, 0.004 mol, 
1 equivalent) and a Teflon® (perfluorinated polymer, DuPont Corp.) stirring bar. The 
solution was stirred and a burgundy colored THF solution of sodium 
isopropylcyclopentadienide was slowly added (0.20 M, 30 mL, 1.5 equivalents). 
Following the addition the solution developed a deep red color. Within 30 minutes, the 
30 meniscus appeared yellow in color. The solution was stirred overnight. 
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An aliquot (1 .0 mL) was taken from the solution and was analyzed by GC/MS. 
Apeak with a mass of 301 g/mol was observed consistent with the 1-ethyl-l'- 
isopropylruthenocene. Other peaks with masses consistent with the presence of 
alkylcyclopentadiene dimers, l,l'-diethylruthenocene, l,r-diisopropylruthenocene and 

5 triphenylphosphine were also observed. 

The THF solvent was then removed from the flask under reduced pressure. The 
250 mL flask was fitted with a vacuum jacketed short path distillation adapter and the 
contents of the flask were distilled under reduced pressure^ 0.1 torr). A pale yellow 
liquid was collected (0.72 g). This liquid was then purified via chromatography. A 

10 silica gel in pentane solution was used. The column had a diameter of 0.75" and a 6" 
length. 0.53 g of 99+% pure 1 -ethyl- l'-isopropylruthenocene were isolated via 
chromatography (41% yield). 



EXAMPLE 5 



15 



In a nitrogen glovebox, a 250 mL flask was charged with THF (50 mL, 
anhydrous, inhibitor free), 

chloro(methylcyclopentadienyl)bis(triphenylphosphine)mthenium(II) (5.02 g, 0.007 
mol, 1 equivalent) and a Teflon® (perfluorinated polymer, DuPont Corp.) stirring bar. 
20 The solution was stirred and a burgundy colored THF solution of sodium 

isopropylcyclopentadienide was slowly added (0.20 M, 50 mL, 1.5 equivalents). 
Following the addition the solution developed a deep red color. Within 30 minutes, the 
meniscus appeared yellow in color. The solution was stirred overnight. 

An aliquot (1.0 mL) was taken from the solution and was analyzed by GC/MS. 
25 A peak with a mass of 287 g/mol was observed consistent with 1-methyl-l '- 
isopropylruthenocene. Other peaks with masses consistent with the presence of 
alkylcyclopentadiene dimers, l,l'-dimethylruthenocene, l,r-diisopropylruthenocene 
and triphenylphosphine were also observed. 

The THF solvent was then removed from the flask under reduced pressure. The 
30 250 mL flask was fitted with a vacuum jacketed short path distillation adapter and the 
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contents of the flask were distilled under reduced pressure (~ 0. 1 torr). A pale yellow 
liquid was collected ( 1 .78 g). This liquid was then purified via chromatography. A 
silica gel in pentane solution was used. The column had a diameter of 0.75" and a 6" 
length. 1 .03 g of 98+% pure 1 -methyl- 1 Msopropylruthenocene were obtained after 
5 chromatography (53% yield). 

EXAMPLE 6 

In a nitrogen glovebox, a 250 mL flask was charged with 
10 bis(propylcyclopentadienyl)magnesium (5.15 g, 0.02 mol, 1 equivalent), 

chloro(methylcyclopentadienyl)bis(triphenylphosphine)ruthenium(II) (5.02 g, 0.007 
mol, 1 equivalent) and a Teflon® (perfluorinated polymer, DuPont Corp.) stirring bar. 
Toluene (120 mL, anhydrous, inhibitor free) was cannulated into the 250 mL round- 
bottomed flask and the contents were stirred. Following the addition of solvent the 
1 5 solution developed a deep red color. 

The toluene solvent was then removed from the flask under reduced pressure. 
The toluene solvent was removed under reduced pressure and the flask was fitted with a 
short path distillation adapter. The distillate was collected and the GC/MS revealed that 
the main cut from the short path distillation was 88.7% pure 1-propyl-l'- 
20 ethylruthenocene. 

EXAMPLE 7 

The vapor pressure of ruthenium precursors was measured. The vapor pressure of 
25 (MeCp)(EtCp)Ru was at least twice that of (EtCp) 2 Ru, within the temperature range 

studied (25-70 °C). 

Using a glove box with an inert atmosphere, approximately 1 g of 
(MeCp)(EtCp)Ru was placed within the vaporizer. Prior to deposition, the substrates 
were ultrasonically cleaned, at room temperature. 
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The substrates were rinsed for 1 minute intervals, first with H 2 0, followed by a 
solution of 1 : 1 :5-NH 4 OH:H 2 0 2 :H 2 0, then finally by H 2 0. The substrates were then 
dried using nitrogen. Sample introduction and removal from the reactor was 
accomplished using a load-lock, equipped with a magnetically coupled transfer arm. 

5 Once the substrates were loaded, and positioned above the heater, deposition of 

the films proceeded by the following sequence. First, the substrates were heated to the 
desired temperature. The samples were then exposed to the process gas, containing the 
precursor(s) and any co-reactants (e.g. oxidizing agents). Ultra high purity (UHP), 
greater than 99.999%, nitrogen was used as the carrier and purge gas. UHP oxygen was 

10 used as the oxidizing gas. The precursor, (methylcyclopentadienyl)- 
(ethylcyclopentadienyl) ruthenium, was vaporized using UHP nitrogen. 

EXAMPLE 8 

15 Ruthenium films were deposited on silicon oxide (Si0 2 )/silicon (Si) substrates, 

employing an apparatus such as shown in Figs. 9 and 10. A summary of the reaction 
conditions and results is given in Table 2. During all of these experiments, the total 
flow rate of gas was fixed at 750 standard cubic centimeter per minute (seem), and the 
precursor flow rate was 0.4 seem. The temperature of the substrate was measured by a 
20 dual-wavelength pyrometer manufactured by Williamson Co., of Concord, 

Massachusetts. The pressure in the reactor was measured using a heated Baratron 
capacitance monometer capable of measuring 0.1 to 1000 Torr and manufactured by 
MKS Instruments, of Andover, Massachusetts. Gap refers to the distance, in inches, 
between process gas inlet tube and substrate being coated. The flow rate of oxygen was 
25 adjusted, according to the ratios in Table 2, and the balance of gas was nitrogen. Ratio 
of 0 2 to precursor was the molar flow rate of oxygen divided by the molar flowrate of 
precursor in the process gas. As seen in Table 2, the time during which the substrate 
was exposed to the complete process gas mixture (vapors, 0 2 reactant gas, N 2 carrier 
gas) varied between 15 and 60 minutes. 

30 



D-21267 



-37- 



Table 2 



Run 


Deposition 
Time, min 


T, 
°C 


P, 

Torr 


Gap, 
inches 


Ratio of 
02/precursor 


Purpose 


Comments 


(a) 


30 


240 


30 


1 


50 


Deposit film 


First attempt, no visible 
deposition 


(b) 


60 


360 


2 


1 


500 


Deposit film 


pllSl SuCwCoolUl UvjJvjaiiiwii 


(c) 


15 


360 


2 


2 


500 


Increase uniformity by 
increasing gap 


Pyrometer output 
oscillated, indicated film 
growth 


(d) 


15 


360 


2 


2 


50 


Increase uniformity by 
decreasing 02/precursor 
ratio to about 50 


Better uniformity than run 
(b) 


(e) 


15 


280 


20 


2 


50 


Grow Ru film at lower 
temperature and higher 
pressure 


No visible deposition 


(f) 


15 


360 


2 


2 


50 


Repeat (d) to see if 
precursor was gone during 
run (e) 


Similar to (d), yet slightly 

thinner (precursor was 
close to, or fully depleted) 



The thickness of the deposited films was measured by cross-sectional scanning 
5 electron microscopy (SEM). Sheet resistance, and corresponding resistivity, was 
measured using a 4-point probe. Elemental composition was ascertained by various 
techniques, including energy dispersive spectroscopy (EDS) and XPS. Figs. 1 1 and 12 
show cross-sectional views at 75 degrees tilt of a sample from run (d), collected by a 
scanning electron microscope. The film formed by the conditions of run (d) was found 
10 to have good properties with respect to thickness uniformity and resistivity. The 
ruthenium film was approximately 200 nanometers (nm) thick. Sheet resistance was 
measured to be 0.1 1 Q/sq, by a 4 point probe method. This resulted in a resistivity of 
22 nQ cm. A spectrum obtained by energy dispersive spectroscopy (EDS), shown in 
Fig. 13, confirmed the presence of a thin film of ruthenium on a Si0 2 /Si substrate. 
15 It is expected that thinner films, e.g., 20 to 30 nm thick, also can be produced, 

for example by reducing the deposition time. 
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EXAMPLE 9 

Experimental runs a-f (described in Example 8) and additional runs 1-32 are 
shown in Table 3. Experiments were carried out employing an apparatus such as 
described with reference to Figs. 9 and 10. As seen in Table 3, substrates included 
Si0 2 /Si, aluminum oxide and patterned wafers. All film deposition experiments were 
conducted using a nitrogen flow of 100 standard cubic centimeters per minute (seem) 
through the precursor vaporizer. The gap was 2 inches for runs c-f and runs 1-32. 
(Runs a-b were conducted with an one inch gap.) The vaporizer pressure was 250 Torr 
in Runs 15 and 18 and 50 Torr in all other cases. 
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The ALD experiment in Run 1 1 was conducted as follows. A patterned wafer 
substrate was exposed to a process gas stream containing (1) nitrogen purge; (2) 
nitrogen and precursor; (3) nitrogen purge; and (4) nitrogen and oxygen. The total cycle 
time (all 4 steps) of the experiment, run 11. was 10 seconds (3 seconds for steps 1 and 
5 3, 2 seconds for steps 2 and 4). The process cycle (all 4 steps) was repeated 1080 times, 
for an overall duration of 180 minutes. The resulting film thickness was approximately 
65 nm. 

In Run 26, ALD was conducted in a similar manner, for a total deposition time 
of 120 minutes. The deposited material was not coalesced, but consisted of discrete 
10 nanocrystals ranging from 50 to 300 nm in diameter. 



EXAMPLE 10 



Properties of films deposited using 1 -methyl, 1 '-ethylrutehnocene were measured 
15 and were compared with those of films produced using l,l'-diethylruthenocene. 

Films were deposited on a 3-inch wafer using an apparatus such as described 
above. The wafer temperature was 330 °C, the precursor vaporization temperature was 
70-90 °C, the chamber pressure was 2 Torr, the oxygen flow rate was 200 seem, the 
nitrogen flow rate was 550 seem, the deposition time was 5 minutes and the film growth 

20 rate was 10-60 nm/minute. 

Sheet resistance was measured with four-point probe, perpendicular to major flat 

and 5 mm intervals (major flat=0 mm). 

The results are shown in Figs. 14, 15 and 16. 

Fig. 14 describes the measured sheet resistance of films deposited from 
25 (EtCp) 2 Ru and (EtCp)(MeCp)Ru, as a function of vaporizer temperature. Vaporizer 
temperature was varied, while all other experimental conditions (temperature, pressure, 
etc.) were fixed. The data was measured at the center of the substrate. This figure 
shows that the films deposited using (EtCp)(MeCp)Ru exhibited lower sheet resistance, 
compared to the films deposited from (EtCp) 2 Ru. This can be attributed to the higher 
30 concentration of (EtCp)(MeCp)Ru in the process gas, compared to (EtCp) 2 Ru, at the 
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same vaporizer temperature. This difference in precursor concentration is believed to 
result from the difference in vapor pressure. 

The wafer was cleaved and the film thickness, measured by cross-sectional 
SEM, is shown in Fig. 15. Under identical conditions, over the same period of time, 
5 films produced from 1 -methyl, l'-ethylruthenocene were thicker than the films formed 
employing l,l'-diethylruthenocene. This result also was attributed to the higher vapor 
pressure of l-methyl,l '-ethylruthenocene. 

The resistivity of these films, shown in Fig. 16, was calculated using the 
measured values of sheet resistance and thickness. 
10 X-ray diffraction data also was obtained and indicated that crystallites observed 

in SEM data were composed of Ru. In addition, X-ray photoelectron spectroscopy data 
was gathered as a function of depth of the film. The data indicated that oxygen was 
present near the surface of the films and that the amount of oxygen present in the film 
decreased, as one goes deeper into the film. It appeared that less oxygen was present at 
15 depth in films produced using l-methyl,l'-ethylruthenocene than in films formed from 
1 ,1' diethylruthenocene. 

EQUIVALENTS 

20 While this invention has been particularly shown and described with references 

to preferred embodiments thereof, it will be understood by those skilled in the art that 
various changes in form and details may be made therein without departing from the 
scope of the invention encompassed by the appended claims. 



